1. Introduction {#s0005}
===============

CHARGE syndrome (CS; OMIM \#[214800](214800){#ir0005}) is a rare congenital syndrome affecting 0.8 per 10,000 living births [@bb0080], caused by heterozygous mutation of the chromodomain helicase DNA-binding protein 7 (CHD7) in 58--90% of patients with CS ([@bb0110]; [@bb0075]) and the semaphorin-3E (SEMA3E) in a few CS cases ([@bb0105]). CS was named by the abbreviation of associational manifestations (coloboma, heart anomaly, choanal atresia, retarded growth/development, and genital and ear anomalies) ([@bb0155]). CS also presents a high association rate of intelligence dysfunction, cranial nerve palsy, and central hypogonadism ([@bb0100]; [@bb0230]; [@bb0015]). Prior studies showed CHD7 is involved in neurological development such as neural crest guidance and axonal morphology ([@bb0005]; [@bb0135]; [@bb0185]). These findings have encouraged neuroimaging research in CS.

Prior neuroimaging studies have revealed that CS patients exhibit intracranial anomalies such as semicircular canal hypoplasia ([@bb0070]), olfactory nerve and other cranial nerve hypoplasia or aplasia ([@bb0125]; [@bb0070]), cerebellar hypoplasia ([@bb0070]; [@bb0235]; [@bb0205]), brainstem hypoplasia ([@bb0070]), frontal lobe hypoplasia ([@bb0060]), ventriculomegaly ([@bb0070]), and basal skull hypoplasia ([@bb0055]; [@bb0070]). In contrast to these qualitative studies, to the best of our knowledge, quantitative studies of brain morphology in CS are lacking in the scientific literature. In this study, we report for the first time, the quantitatively assessed surface- and voxel-based measurements derived from brain structural MRI and high-angular resolution diffusion MRI (HARDI) tractography in CS.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

The Institutional Review Board at Boston Children Hospital approved this retrospective study. We reviewed the electronic medical records of patients treated at BCH from January 1st, 2008 to February 24th, 2016 to assemble our listing of patients with CS. The gender- and age-matched normal controls (NC) were selected from our in-house database of healthy participants without neurological disorders, neuropsychological disorders or epilepsy ([@bb0120]). Both datasets were comprised of examinations acquired at BCH on the same suite of MRI scanners.

2.2. Structural MRI acquisition and processing {#s0020}
----------------------------------------------

All participants were imaged with clinical 3 T MRI scanners (MAGNETOM Skyra, Siemens Medical Systems, Erlangen, Germany) at BCH. DICOM files of 3D T1-weighted MPRAGE (TR 2000--2500 ms; TE 1.7--2.5 ms, voxel size 0.85-1 × 0.85-1 × 1 mm, matrix 256 × 256) were collected through the Children\'s Research and Integration System ([@bb0165]), and analyzed with CIVET version 2.1.0 pipeline ([@bb0245]) on the CBRAIN platform ([@bb0190]). Corrections for non-uniform intensity artifacts by the N3 algorithm ([@bb0195]), stereotaxic registration (onto the icbm152 non-linear 2009 template) ([@bb0050]), and brain masking ([@bb0200]) were performed. A voxel-based volumetric analysis was performed with tissue classification using an artificial neural network classifier (INSECT) ([@bb0215]), and segmentation of brain regions was performed with ANIMAL ([@bb0045]). For a surface-based analysis, the surfaces of the gray matter (GM) and white matter (WM) were extracted by using 40,962 vertices per hemisphere with the t-laplace metric ([@bb0090]; [@bb0020]). The quality of the outputs of the CIVET pipeline (shapes of the brain mask, linear/non-linear registration to the template, tissue classification, and brain segmentation) were manually inspected for quality. Cortical surface parameters including the gyrification index (GI), average cortex thickness, cortical surface area, and cortical volumes were calculated in each hemisphere.

This resulted in 10 volumetric structural brain MR images from 8 CS patients (Case 1--8), after excluding cases with genetic variants of unknown significance, or without volumetric brain MRI. Age at MRI scans were not statistically significantly different (T(28) = 0.23, P = .82) between CS (male n = 9; female, n = 1) and NC (male n = 18; female n = 2) based on Student\'s t-test (the mean \[standard deviation\] were 14.7 \[7.2\] and 14.1 \[6.4\] years old in CS and NC participants, respectively).

2.3. HARDI tractography {#s0025}
-----------------------

Thirty diffusion-weighted measurements (b = 1000 s/mm^2^) and one to five non-diffusion weighted measurements (b = 0 s/mm^2^) were acquired with clinical 3 T MRI scanners (e.g. TR =10 s; TE = 88 msec; matrix size 128 × 128; flip angle 90 degrees). Images with motion artifacts were excluded based on visual assessment (motion correction software was not used). Eight diffusion MR images were obtained from 7 participants (Case 2,4-6,8--10). HARDI ([@bb0225]) was used for the reconstruction of pathways using Diffusion Toolkit ([http//trackvis.org](http://http/trackvis.org){#ir0010}). Callosal pathways (CP) and 6 associational cortico-cortical pathways (arcuate fasciculus \[AF\], inferior longitudinal fasciculus \[ILF\], inferior fronto-occipital fasciculus \[IFOF\], uncinated fasciculus \[UF\], cingulum fasciculus \[CF\], and fornix fasciculus \[FF\]) in both hemispheres were identified and visualized using TrackVis ([http//trackvis.org](http://http/trackvis.org){#ir0015}), as in previous analyses ([@bb0025]; [@bb0040]; [@bb0210]; [@bb0140]).

Anatomic and tractography atlases ([@bb0025]; [@bb0210]; [@bb0140]) were used to guide regions of interest (ROIs) placements on non-diffusion-weighted (b0) images and color FA maps in order to delineate the pathways of interest. A trained research assistant identified all tracts studied through manual ROI placement. Two neuroscientists assessed the results confirming the ROI placements and resulting courses of fiber pathways. For the CF and FF pathways, several ROIs were placed along the white matter regions for each pathway shown in the atlases. For the CP, an ROI was drawn in the corpus callosum in a median sagittal plane. For the ILF, IFOF, and UF pathways, two ROIs were used for each pathway in their destinations: anterior temporal and occipital regions for the ILF, inferior frontal and occipital regions for the IFOF, and inferior frontal and anterior temporal regions for the UF. The size of all the ROIs were carefully optimized to not include other white matter pathways, as well as not to miss the arcuate pathways, by changing the size and location several times.

The volume, length, fractional anisotropy (FA) and apparent diffusion coefficient (ADC) of each identified pathway were calculated and compared with gender- and age-matched participants. Age at MRI scans were not statistically significantly different (T (14) = 0.19, p = .86) between CS (male, n = 6; female, n = 2) and NC (male, n = 6; female, n = 2) based on Student\'s t-test (the mean \[standard deviation\] were 19.4 \[7.1\] and 18.8 \[5.5\] years old in CS and NC participants, respectively).

2.4. Statistical analysis {#s0030}
-------------------------

Each brain structure and fiber pathway measurements in CS and NC participants were evaluated through Levene\'s test for equality of variances, two-tailed unpaired t-tests for multiple comparisons, and Cohen\'s d. The Cohen\'s d = 0.8 was recognized as the cut-off value for large size effects ([@bb0035]).

According to the false discovery rate correction for multiple comparisons by the Benjamini-Hochberg procedure ([@bb0010]; [@bb0170]), Benjamini-Hochberg critical values (α = 0.05, q = 0.15) were determined as 0.034 and 0.057 for 49 and 52 repeating t-tests for structural MRI and diffusion-weighted MRI tractography, respectively. IBM SPSS Statistics version 19 (IBM Corp. Armonk, NY) was used for the statistical analysis and graph visualization, respectively. We used SurfStat toolbox (<http://www.math.mcgill.ca/keith/surfstat/>) that runs on MATLAB R2016a (MathWorks, Natick, MA) for the cortical thickness analysis and visualization. Cortical thicknesses were visualized as t-statistic maps ([Fig. 1](#f0005){ref-type="fig"}A) and random field theory (RFT) maps. A cluster-level correction was used for the RFT maps, with a significance level of p ≤ 0.02 ([Fig. 1](#f0005){ref-type="fig"}B).Fig. 1Visualized cortical thickness with t-statistical map (tmap) (A), and random field theory (RFT) map (B, p \< .02) showing thicker lesions in CHARGE syndrome (CS, N = 10) than normal controls (NC, N = 20). (A) In the color scale, blue and red indicate less and greater mean cortical thicknesses in CS, respectively, compared to that in the controls. (B) Blue indicates regions where patients with PHTS had significantly thicker cortex at the cluster level compared to NC.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

3. Results {#s0035}
==========

3.1. Patient characteristics {#s0040}
----------------------------

The enrolled CS participants have matched the clinical diagnostic criteria for CS ([@bb0015]). Coloboma (7/10), choanal atresia (6/10), cranial nerve dysfunction (9/10), and characteristic ear abnormalities (8/10) were observed as major diagnostic criteria ([Table 1](#t0005){ref-type="table"}). Genital hypoplasia (6/10), developmental delay (10/10), cardiovascular malformation (8/10), growth deficiency (9/10), orofacial cleft (4/10), tracheoesophageal fistula (2/10), and characteristic face (10/10) were observed as minor diagnosis criteria ([Table 1](#t0005){ref-type="table"}).Table 1Background of CHARGE syndrome participants.Table 1Case12345678910GenderMMFMMMMMFFAge at structural MRI (years)16.721.415.323.3, 26.414.413.57.17.9,9.5Age at DTI tractography (years)21.423.3, 26.414.413.59.530.216.4  **Major criteria**Coloboma+++++++Choanal atresia++++++Cranical nerve (VII, VIII) dysfunction+++++++++Characteristic ear abnormalities++++++++  **Minor criteria**Genital hypoplasia++++++Developmental delay++++++++++Cardiovascular malformation++++++++Growth deficiency+++++++++Orofacial cleft++++Tracheoesophageal fistula++Characteristic face++++++++++[^1]

3.2. MRI qualitative findings {#s0045}
-----------------------------

Absence of the olfactory nerve (Case 2,3,7-10, [Fig. 2](#f0010){ref-type="fig"}A), hypoplasia of semicircular canal (Case 2, 7--10), hypoplasia of clivus (Case 1, [Fig. 2](#f0010){ref-type="fig"}B), hypoplasia of cerebellar vermis (Case 1), agenesis of the corpus callosum (Case 4, [Fig. 2](#f0010){ref-type="fig"}C), mega cisterna magna (Case 4), and Dandy-Walker variants (Case 10) were observed in the CS participants.Fig. 2Magnetic resonance images showing an absence the olfactory nerve in Case 3 (A, arrow heads), hypoplasia of clivus in Case 1, (B, closed arrow), and agenesis of the corpus callosum in Case 4 (C, open arrow). Diffusion tensor imaging tractography of Case 4 at 23.3 years old showing left Probst bundle (D).Fig. 2

3.3. Global cortical surface area, gyrification, volume, and cortical thickness {#s0050}
-------------------------------------------------------------------------------

Global brain volumes in each tissue (CSF, cortical GM, WM, and subcortical GM) showed a statistically significant difference between CS and NC participants. Surface-based analysis showed significantly thicker right cortical thickness with a large effect size in CS (T (28) = 2.65, p = .013, absolute Cohen\'s d = 1.03) ([Table 2](#t0010){ref-type="table"}). The difference in the global surface area, gyrification index, cortical volume, and left cortical thickness were not statistically significantly different between the two groups ([Table 2](#t0010){ref-type="table"}).Table 2The global brain volume and cortical surface measurements in CS and NC participants.Table 2CS (N = 10)Mean \[SD\]NC (N = 20)Mean \[SD\]The rate of CS/NCpAbsoluteCohen\'s dCSF (mm^3^)62,785 \[29566\]41,841 \[11099\]1.50.0551.1Cortical GM (mm^3^)564,306 \[166592\]584,210 \[87402\]0.970.670.17WM (mm^3^)419,852 \[173140\]482,119 \[91980\]0.870.210.5Subcortical GM (mm^3^)36,365 \[11813\]36,798 \[6429\]0.990.900.05Gyrification Index3.51 \[0.54\]3.71 \[0.23\]0.950.180.54L gyrification index2.55 \[0.37\]2.74 \[0.23\]0.930.0940.67R gyrification index2.58 \[0.31\]2.76 \[0.22\]0.930.0730.72L cortex surface area (mm^2^)95,125 \[28475\]103,858 \[11515\]0.920.370.47R cortex surface area (mm^2^)94,594 \[27763\]103,962 \[11897\]0.910.200.51L cortex average thickness (mm)2.84 \[0.31\]2.79 \[0.20\]1.020.550.24R cortex average thickness (mm)3.01 \[0.24\]2.79 \[0.19\]1.080.0131.03L cortex volume (mm^3^)260,146 \[87057\]278,140 \[37010\]0.940.430.31R cortex volume (mm^3^)265,105 \[75202\]278,528 \[38143\]0.950.520.25[^2]

3.4. Regional brain volumes and cortical thickness {#s0055}
--------------------------------------------------

The regional volumetric analysis demonstrated significantly smaller volumes in the bilateral globus pallidus, bilateral putamen, left subthalamic nuclei, brain stem, bilateral cerebellar hemispheres, and larger volumes in the lateral ventricles, bilaterally ([Table 3](#t0015){ref-type="table"}). The differences in cortical regional volumes between CS and NC were not significantly different.Table 3The brain segmental volumes of CS and NC participants.Table 3Measurement (ANIMAL segmentation number)CS (N = 10) Mean \[SD\] (mm^3^)NC (N = 20) Mean \[SD\] (mm^3^)The rate of CS/NCpAbsoluteCohen\'s dL frontal GM (210)168,135 \[50458\]145,075 \[25648\]1.160.200.65R frontal GM (211)167,102 \[49908\]147,094 \[26283\]1.140.260.56L frontal WM (30)87,020 \[31074\]99,598 \[21739\]0.870.210.5R frontal WM (17)87,843 \[33812\]98,408 \[21402\]0.890.300.41L temporal GM (218)111,633 \[28653\]98,517 \[12350\]1.130.190.68R temporal GM (219)113,504 \[30448\]101,863 \[13403\]1.110.270.57R temporal WM (59)47,142 \[17995\]53,762 \[9348\]0.880.190.52L temporal WM (83)45,419 \[15959\]51,630 \[8117\]0.880.170.55L parietal GM (6)88,487 \[27282\]76,648 \[13902\]1.150.220.62R parietal GM (2)85,008 \[24509\]76,392 \[14222\]1.110.320.47L parietal WM (57)51,127 \[21035\]55,635 \[10441\]0.920.440.31R parietal WM (105)49,406 \[19316\]55,430 \[10600\]0.890.280.43L occipital GM (8)41,470 \[14087\]39,492 \[6010\]1.050.680.21R occipital GM (4)43,012 \[13971\]39,514 \[6259\]1.090.470.37L occipital WM (73)21,186 \[9708\]25,635 \[5753\]0.830.120.61R occipital WM (45)21,617 \[8501\]25,225 \[5938\]0.860.190.53L thalamus (102)7156 \[1038\]7571 \[1006\]0.950.300.41R thalamus (203)7484 \[896\]7572 \[981\]0.990.820.09L caudate (39)4674 \[865\]4733 \[779\]0.990.850.07R caudate (53)5030 \[1277\]4743 \[743\]1.060.440.3L fornix (29)554 \[304\]684 \[127\]0.810.220.64R fornix (254)533 \[295\]662 \[112\]0.810.210.68L globus pallidus (12)887 \[217\]1084 \[131\]0.820.0211.21R globus pallidus (11)903 \[188\]1042 \[138\]0.870.0290.89L putamen (14)3931 \[627\]4599 \[691\]0.850.0161R putamen (16)4001 \[644\]4738 \[718\]0.840.0111.06L subthalamic nucleus (33)44.44 \[8.22\]54.61 \[12.22\]0.810.0120.92R subthalamic nucleus (23)48.01 \[9.06\]53.81 \[11.07\]0.890.160.55Brainstem (20)26,895 \[4139\]31,254 \[5289\]0.860.0310.88L cerebellum (67)56,396 \[9507\]75,397 \[7275\]0.751.5 × 10^−6^2.36R cerebellum (76)57,909 \[8996\]76,808 \[7348\]0.751.2 × 10^−6^2.39L lateral ventricle (3)19,405 \[14461\]4709 \[1463\]4.120.0111.77R lateral ventricle (9)15,273 \[8851\]4120 \[1667\]3.710.00312.143rd ventricle (232)2596 \[1989\]1345 \[349\]1.930.0791.084th ventricle (233)2394 \[1109\]2378 \[1025\]1.010.970.01Extracerebral CSF (255)364,823 \[84889\]420,249 \[110651\]0.870.180.54[^3]

The cortical thickness map superimposed on a 3-dimensional template brain surface was provided in [Fig. 1](#f0005){ref-type="fig"}. The t-statistic for the differences between CS and NC groups showed increased thickness in the orbitofrontal, rostral middle frontal, postcentral, superior parietal, superior frontal, paracentral, precuneus, and entorhinal cortex in the right hemisphere, and in the orbitofrontal cortex in the left hemisphere ([Fig. 1](#f0005){ref-type="fig"}A). Differences observed in the thicker cortex in CS were statistically significant at the cluster level using the RFT ([Fig. 1](#f0005){ref-type="fig"}B). No thinner cortical regions were observed in CS relative to NC in terms of the t-statistic or RFT maps.

3.5. HARDI tractography {#s0060}
-----------------------

The trajectories of the bilateral Probst bundles were observed in Case 4 ([Fig. 2](#f0005){ref-type="fig"}D). Due to the agenesis of the corpus callosum in Case 4, the measurements of the CP were compared between six gender- and age-matched examinations from each group.

[Table 4](#t0020){ref-type="table"} shows the measurements of HARDI tractography in CS and NC participants. The volumes of the right ILF, bilateral IFOF, bilateral UF, left FF, and CP were statistically significantly smaller with large effect sizes. The ratio of CS to NC in the identified volumes ranged from 0.41 to 0.75. The lengths of the bilateral ILF, bilateral IFOF were statistically significantly increased with large effect sizes. The ratio of CS to NC in the identified lengths ranged from 1.3 to 1.63. The lengths of the right CF, and left FF were significantly shorter in CS compared to NC. FA values were significantly smaller in the right ILF of patients with CS compared to that in NC. The ADC values in the bilateral AF, right ILF, right IFOF, bilateral UF, and bilateral CF were significantly larger in CS participants with large effect sizes.Table 4HARDI tractography of CS and normal control participants.Table 4MeasurementsCS (N = 8) Mean \[SD\]NC (N = 8) Mean \[SD\]The rate of CS/NCpCohen\'s dVolume (ml)AF, left14.5 \[5.0\]14.3 \[9.1\]1.010.960.02AF, right16.2 \[7.5\]41.4 \[9.1\]1.130.670.22ILF, left9.4 \[3.8\]11.8 \[2.3\]0.790.150.77ILF, right6.9 \[1.8\]10.1 \[1.6\]0.681.86 × 10^−3^1.91IFOF, left8.3 \[2.1\]18.6 \[3.4\]0.451.08 × 10^−5^3.65IFOF, right7.7 \[1.7\]18.7 \[3.5\]0.411.53 × 10^−6^3.96UF, left4.1 \[2.0\]8.7 \[2.1\]0.486.15 × 10^−4^2.2UF, right5.0 \[2.1\]8.7 \[0.9\]0.581.20 × 10^−3^2.29CF, left7.7 \[3.5\]9.0 \[1.9\]0.850.370.47CF, right7.0 \[2.9\]8.4 \[1.6\]0.830.250.61FF, left4.9 \[0.7\]7.3 \[1.6\]0.671.71 × 10^−3^1.93FF, right5.7 \[1.7\]7.1 \[1.8\]0.810.140.77CP\*96.5 \[29.5\]128.4 \[13.2\]0.750.0361.39  Lengths (mm)AF, left66.9 \[21.0\]57.4 \[9.2\]1.170.260.58AF, right49.9 \[19.3\]58.3 \[11.1\]0.860.300.53ILF, left58.8 \[10.8\]45.1 \[8.9\]1.30.0151.39ILF, right63.6 \[10.1\]43.6 \[9.7\]1.461.24 × 10^−3^2.01IFOF, left110.6 \[22.9\]67.7 \[11.1\]1.633.00 × 10^−4^2.38IFOF, right100.4 \[24.0\]72.1 \[14.7\]1.390.0131.42UF, left42.7 \[11.5\]34.9 \[4.8\]1.220.0970.89UF, right50.8 \[15.6\]40.5 \[8.8\]1.250.130.81CF, left43.3 \[16.6\]48.3 \[9.8\]0.900.480.37CF, right30.9 \[5.9\]44.5 \[8.2\]0.890.0191.9FF, left34.8 \[10.1\]46.6 \[10.4\]0.750.0371.15FF, right29.2 \[8.6\]39.8 \[14.9\]0.730.1020.87CP\*71.9 \[13.1\]73.3 \[7.4\]0.980.820.13  FAAF, left0.49 \[0.04\]0.52 \[0.06\]0.940.220.65AF, right0.47 \[0.06\]0.50 \[0.05\]0.940.270.57ILF, left0.48 \[0.06\]0.53 \[0.06\]0.90.110.85ILF, right0.47 \[0.05\]0.54 \[0.07\]0.880.0571.04IFOF, left0.52 \[0.04\]0.56 \[0.07\]0.930.200.67IFOF, right0.51 \[0.06\]0.55 \[0.06\]0.940.260.59UF, left0.43 \[0.05\]0.44 \[0.05\]0.980.670.22UF, right0.42 \[0.04\]0.44 \[0.05\]0.970.510.34CF, left0.49 \[0.07\]0.54 \[0.07\]0.910.190.69CF, right0.48 \[0.03\]0.50 \[0.06\]0.960.410.42FF, left0.39 \[0.07\]0.42 \[0.06\]0.930.400.43FF, right0.36 \[0.05\]0.40 \[0.05\]0.90.110.85CP\*0.57 \[0.03\]0.57 \[0.06\]10.950.04  ADC (mm^2^/s x 10^−4^)AF, left8.6 \[1.3\]7.5 \[0.5\]1.150.0471.14AF, right8.5 \[0.8\]7.4 \[0.5\]1.155.6 × 10^−3^1.63ILF, left10.0 \[2.1\]8.5 \[1.0\]1.180.090.91ILF, right10.0 \[1.1\]8.3 \[0.9\]1.26.7 × 10^−3^1.59IFOF, left8.7 \[0.7\]8.1 \[0.7\]1.10.920.91IFOF, right8.9 \[0.8\]8.0 \[0.8\]1.10.0441.11UF, left9.0 \[0.6\]8.2 \[0.7\]1.10.0231.28UF, right9.1 \[0.4\]8.2 \[0.7\]1.18.1 × 10^−3^1.54CF, left8.8 \[0.9\]8.0 \[0.6\]1.10.0491.08CF, right8.7 \[0.5\]8.0 \[0.7\]1.090.0381.15FF, left13.5 \[3.3\]12.4 \[2.2\]1.090.450.39FF, right13.9 \[1.9\]12.7 \[2.2\]1.10.260.58CP\*8.8 \[0.4\]8.3 \[1.1\]1.050.400.51[^4][^5]

4. Discussion {#s0065}
=============

We report quantitative analyses of voxel- and surface-based brain morphology and HARDI tractography in CS participants. In brain volume measurements, as expected from prior studies ([@bb0070]; [@bb0235]), decreased volumes of basal ganglia, cerebellum, and brain stem, and increased volumes of lateral ventricles were observed. While the CS and NS showed no statistically significant difference in the global cortical surface area and volume, the right cortex in CS participants was globally and regionally thicker compared to NC participants. HARDI tractography showed elongated hypovolemic fibers, and high ADC values without changing FA values with right hemisphere dominance.

4.1. Cortical development impairment in CS {#s0070}
------------------------------------------

CHD7 is a responsive gene for CS. CHD7 plays a role in regulating neural crest gene expressions which is evolutionarily conserved in the fly ([@bb0135]), frog ([@bb0005]), mouse ([@bb0185]), and human ([@bb0005]). In the development of the central nervous system, heterozygous loss of CHD7 homologs affects gene expressions linked with axonal morphology such as axonal pruning, guidance, extension ([@bb0185]; [@bb0135]), and myelination ([@bb0065]).

In our study, right cortical thickness was increased in the global mean ([Table 2](#t0010){ref-type="table"}) and regional map ([Fig. 1](#f0005){ref-type="fig"}). Although the cortical thickness in typical development is different by lobes, a longitudinal study reported that the cortical thickness showed uniform decreases from 2.3--3.3 to 1.9--2.9 mm, with increasing age from toddlers to adults ([@bb0240]). Although it was not clear whether our CS patients had mutated CHD7, because the diagnosis of CS was based on clinical criteria, the affected neuronal pruning due to the CHD7 mutation may contribute to the regionally increased cortical thickness. The regional cortical thickness in CS showed an obvious laterality. The facial asymmetry is a common finding in CS patients ([@bb0110]), and model mice ([@bb0150]), and our findings also suggest that brain morphology in CS is also asymmetric. Although asymmetry of regional brain measures is often observed even in normal participants and is different by age, regions, and gender, a large meta-analysis study reported that hemispheric cortical thickness is thicker in the left hemisphere in a healthy population ([@bb0095]). Although the mechanism of generating asymmetric features still remains unclear, it may be possible that increased cortical thickness in right hemisphere in CS is distinct from brain asymmetry in a healthy population.

4.2. HARDI-derived fibers in CS {#s0075}
-------------------------------

HARDI tractography in CS showed volume loss and elongation in multiple fibers. Nakata and colleagues reported that the CF in patients with agenesis of the corpus callosum showed short length, hypovolemia, and low FA ([@bb0145]). Therefore, we speculate that observed elongated fibers were caused by CS rather than the agenesis of corpus callosum.

In patients with agenesis of the corpus callosum, association fibers from the cortical plate, which do not pass through the callosal precursor, grow caudally along the medial surface of the ipsilateral cerebral hemisphere and form Probst bundles. Probst bundles visualized by DTI tractography ([@bb0085]; [@bb0220]; [@bb0115]) generally run anteroposteriorly, but they often fan out into the ipsilateral frontal lobe ([@bb0085]), make an abrupt ending ([@bb0085]), and/or make a U-turn ipsilaterally ([@bb0115]). Therefore, although the Probst bundles in Case 4 exhibited atypical appearances with crossings with dorsoanterior to ventroposterior pathways and vetroanterior to dorsoposterior pathways, we determined that this appearance of Probst bundles was likely independent of CS.

The ADC value represents the degree/magnitude of water diffusivity in the tissue. An increase of ADC values was observed in several pathogenic situations such as vasogenic edema ([@bb0160]), glial scarring, and myelin loss ([@bb0180]), and during brain development ([@bb0130]). In typical development, ADC values drop sharply during infant/toddler years, and exhibit a constant mild decrease with age into adult years ([@bb0130]). The time-course suggests that other unknown mechanisms such as axonal pruning as well as myelination may contribute to decreased ADC ([@bb0130]). The FA value represents the degree of directionality of microstructures such as axons, myelin, and microtubules in the tissue. FA values decrease in vasogenic edema ([@bb0160]) and myelination failure ([@bb0175]). In our study, CS participants showed increased ADC in the bilateral AF, UF, CF, right ILF, and right IFOF, but FA values were not different to those from NC participants except for low FA values in the right ILF in CS. These data suggest that the mechanism by which ADC values increase in CS is not likely due to vasogenic edema or myelination failure. There is a strong negative correlation between the ADC value and the cellularity of brain tumors ([@bb0030]). The mechanism of how measures of cortico-cortical fibers in CS are affected remained unclear; however, increased ADC values of cortico-cortical pathways in CS in this study may be associated with a low fiber density of cortico-cortical pathways.

4.3. Limitation {#s0080}
---------------

The possible presence of selection bias (health care access bias) could not be excluded completely, because our study is a retrospective study on a single facility with a relatively small sample size. However, a prior review reported the incident rate of developmental delay, cardiovascular malformation, growth delay, and tracheoesophageal fistula in CS was noted as about 100, 75--85, 70--80, and 15%, respectively ([@bb0100]). The proportion of clinical manifestations in our study meets the previous data, suggesting that our cohort may be representative of patients with CS as a whole and that our findings might generalize to other CS patients.

Additionally, our medical records did not include the information regarding the severity and laterality of facial structures and other congenital anomalies, the severity of developmental delay, and handedness. Future studies are necessary to test associations between these factors and abnormal cortical thickness of the right hemisphere in patients with CS.

5. Conclusion {#s0085}
=============

Our brain morphologic study revealed asymmetrically increased cortical thickness, and decreased volumes of the basal ganglia, cerebellum, and brainstem in CS participants. HARDI tractography revealed hypovolemia, elongation, higher ADC, and unchanged FA in multiple fibers in CS. Our findings revealed that the cortex in CS has an asymmetric appearance as observed in facial features, which has been recognized as important symptoms in CS. In addition, the signal pattern of high ADC with unchanged FA in HARDI tractography indicated the presence of other pathogenesis processes other than vasogenic edema or the dysfunction of myelination in developmental delay in CS.
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[^1]: Abbreviation; MRI, Magnetic resonance imaging; DTI, Diffusion tensor imaging. Diagnostic criteria interpretation; Definite CHARGE: 4 major or 3 major and 3 minor criteria, Probable/possible CHARGE: 1 or 2 major and several minor criteria ([@bb0015])([@bb0100]).

[^2]: Bold indicates statistically significant. Abbreviation; CS, CHARGE syndrome; NC, Normal control; SD, standard deviation; L, left hemisphere; R, right hemisphere; GM, gray matter; WM, white matter; CSF, cerebrospinal fluid.

[^3]: Bold indicates statistically significant. Abbreviation; CS, CHARGE syndrome; NC, Normal control; SD, Standard deviation; L, left; R, right; GM, gray matter; WM, white matter; CSF, cerebrospinal fluid.

[^4]: Bold indicates statistically significant. \* CP were evaluated with 6 examinations in each groups.

[^5]: Abbreviation; HARDI, High-angular resolution diffusion magnetic resonance imaging; CS, CHARGE syndrome; NC, Normal control; SD, Standard deviation; AF, arcuate fasciculus; ILF, inferior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; UF, uncinate fasciculus; CF, cingulum fasciculus; FF, fornix fasciculus; CP, callosal pathway; FA, fractional anisotropy; ADC, apparent diffusion coefficient.
